Aniong the known classes of nonlinear optical materials, z-conjugated polymers are very attractive because of their large, third-order optical susceptibilities and ultrafast response times.lP5 The large optical nonlinearity of conjugated polymers has long been recognized as arising from the z-electron delocalization along the polynler chains2 Recently, aromatic heterocyclic ladder-type polymers, such as poly(benzimidazobenzophenanthroline) ladder (BBL) and semi-ladder (BBB), have received growing attention as a new class of nonlinear optical (NLO) polymers3-5 because of their desirable physical properties and their ready processibility into good opticalquality thin films6 For example, BBL has an excellent thermal stability up to 700°C in a nitrogen atmosphere (-650°C in air) and has good mechanical properties in the form of films or fiber^;^ both of these features suggest that the optical damage threshold may be very high. The rigid, planar, "double stranded," and quasi-two-dimensional structure of BBL (inset of Fig. 60 . 22) suggests maximum z-electron delocalization, leading to a large, third-order optical susceptibility X(3) as found in picosecond degenerate four-wave mixing (DFWM)~ and picosecond third-harmonic-generation (THG) experim e n t~.~ However, the temporal resolution of the nonlinear optical response of BBL was limited to 30 ps by theexperimental equipment in both of these prior s t u d i e~.~.~ The excited-state dynamics of conjugated polymers has been extensively studied following the theoretical prediction that new intragap states can be generated by photoexcitation within an optical phonon cycle (<I00 f~) .~ Because of the normally strong electron-phonon coupling in conjugated polymers, self-localized excited states are formed upon photoexcitation. Examples of these structurally relaxed states include solitons, polarons, bipolarons, and e x c i t o n~.~-'~ These photoexcitations play a critical role in the nonlinear optical behavior of the conjugated polymers, which are often considered to be quasi-one-dimensional systems. Ultrafast transient spectroscopy studies of photoexcitations in conjugated polyn~ers have been widely reported on single-stranded, non-ladder-type polymers such as trans-polyacety lene (PA), polydiacetylenes (PDA's), polythiophenes (PT's), poly(p-phenylene vinylenes) (PPV's), and poly(thiophene vinylenes) (PTV's)."-" The unique topological features of BBL among the known conjugated polymers give rise to novel charge transport properties.20 This and the recent interest in its nonlinear optical and optoelectronic properties make this ladder polymer an excellent candidate for a detailed investigation of its ultrafast excited-state dynamics.
In this article we report studies of the time-resolved femtosecond (fs) dynamics following photoexcitation in a BBL thin film. The experimental results reveal a sub-picosecond response of the optical nonlinearity. We show that the nonlinear excitations in the ladder polymer are similar to those observed in single-stranded conjugated polymers.
The measurements were performed at room temperature on a BBL thin-film sample. The sample was spin coated on a sapphire substrate and was approximately 500 A thick. The details of the synthesis of BBL and fabrication of thin films have been described e~s e w h e r e .~ An amplified colliding-pulse mode-locked (CPM) laser system was employed for the pump and probe measurements. Light pulses of approximately 100 fs centered at 620 nm were generated from the CPM laser and further amplified by a copper vapor laser-pumped dye amplifier to the energy level of about 1 pJ per pulse at a repetition rate of 8.7 kHz. Ninety percent of the amplified pulses were focused onto an ethylene glycol jet to generate a white-light continuum that provided probe pulses tunable from 500 nm to 900 nm. The remaining 10% were used as pump pulses. The intensity of the pump pulses on the sample was -1 G W I C~~. A cross-polarization arrangement of the pump and probe beams was used to eliminate the coherent artifact. The BBL sample exhibited excellent stability throughout the experiments, and no signal degradation was found. Figure 60.25 shows the adiabatic potential energy curves of the ground and excited states of the system as functions of the lattice deformation Q. The ground and excited states are represented by parabolic curves. The equilibrium lattice deformation Q = 0 corresponds to aperfect dimerized lattice resulting from the Peierls instability. Free excitons are created by n--n* photoexcitation. Due to the strong electron-phonon coupling, free excitons are unstable and undergo self-trapping quickly after creation. Since in a quasi-one-dimensional system there is no barrier between the potential curves of the free excitons and the STE's, self-trapping takes place within the coupled phonon period (<lo0 fs) and produces hot S T E ' s .~~,~~ The hot STE's then thermalize toward the bottom of the STE potential surface by emission of phonons. Simultaneously, the hot STE's can relax directly to the ground state. This occurs via an oscillation passing over the point where the STE potential crosses the ground state potential.16,17 The initial decay of the bleaching is due to the combination of these twoprocesses. The thermalized excitons then decay to the ground state either radiatively or nonradiatively. We find that the characteristic decay time of STE's is of the order of 10 ps, which is much shorter than the expected radiative lifetime of STE's (-1 ns), indicating that the nonradiative pathways play a significant role. This is consistent with our observation of the low photoluminescence quantum yield in BBL. The nonradiative decay of STE's is considered to be either tunneling between the potential energy curves from the exciton state to the ground state or the evolution of excitons to form new intermediate species between the exciton and the ground state, such as e x c i m e r~.~~ There is a constant component in bleaching signals that accounts for about 20% of the maximum signal. This constant component may be associated with the formation of new species, which results in a very slow recovery of the ground-state populations.
FEMTOSECOND EXCITED-STATE DYNAMICS
The induced absorption is assigned to the transitions from the self-trapped excitons to higher excited continuum states. Although both the bleaching signal and the absorption signal contain a fast decay component and a slow decay component, the decay of the absorption is much slower than that of the bleaching. The decay of the photoinduced absorption is also wavelength dependent, with the slowest decay at 770 nm. One possible reason for this can be seen by examining the thermalization and cooling of the hot STE's. The hot excitons reach the bottom of the potential curve in two steps. They thermalize first to form quasi-thermalized STE's by phonon emission. These quasi-thermalized excitons have still not reached the bottom of the potential curve; they cool to the bottom by coupling with phonon modes of lower frequencies. 16 Thus by probing at different wavelengths, we follow the evolution of the STE's as shown in Fig. 60.25 . The bleaching signal that monitors the disappearance of free excitons is due to both hot STE's and quasi-thermalized STE's. The absorption signal, however, comes mainly from thermalized or cold STE's, depending on the probing wavelength. Since the thermalized excitons are closer to the bottom of the potential curve than the hot excitons, their decay to the ground state is by tunneling through a higher and thicker potential barrier and is expected to be slower than that of hot excitons. When probing at longer wavelengths (820 nm, 900 nm), the signal comes from excitons that are hotter than those seen by probing at 770 nm; therefore, the decay should be faster, in agreement with the experimental data.
In conclusion, the dynamics of the photoexcitations in the conjugated ladder polymer BBL has been studied for the first time by femtosecond time-resolved absorption measurements.
Photoinduced bleaching of the n-n* absorption band and intragap photoinduced absorption were observed. The observed excited-state decay dynamics is consistent with the self-trapped exciton model and is tentatively explained by the generation and decay of the STE's. The observed signals arise within our time resolution and feature both a fast and a slow component. The fast component is attributed to the selftrapping and thermalization of free excitons, while the slow component was assigned to the relaxation of the quasi-thermalized and/or cold STE's to other excited state species or the ground state. The difference between the decay dynamics of bleaching and absorption has been explained by the thermalization and cooling of hot STE's.
